Introduction
============

Autophagy is the dynamic process in eukaryotes by which dysfunctional cytoplasmic components including damaged proteins and organelles are degraded in order to maintain neuron homeostasis ([@b1-ijo-53-04-1505],[@b2-ijo-53-04-1505]). It has been implicated in a number of physiological processes that are important for human health and disease. The central factors for regulating autophagy are adenosine monophosphate (AMP) kinase (AMPK) and mammalian target of rapamycin (mTOR). Nutrient depletion is one of the most effective physiological inducers of autophagy.

Limited energy in the form of adenosine triphosphate is able to active AMPK and drive autophagy. The kinase TOR (mTOR in mammals) exerts a negative effect on autophagy; the inhibition of mTOR activity by phosphorylating unc-51 like autophagy activating kinase 1/2 (ULK1/2), as well as some autophagy-related (Atg) proteins, promotes autophagy ([@b3-ijo-53-04-1505]). Autophagy serves an important role in cancer therapeutics. In precancerous lesions, a previous study indicated that autophagy enhancers may prevent the development of cancer ([@b4-ijo-53-04-1505]). In advanced cancer, the inhibition and enhancement of autophagy have been suggested as potential treatment strategies ([@b5-ijo-53-04-1505]--[@b7-ijo-53-04-1505]).

In addition to intracellular signaling mechanisms, an increasing body of evidence has indicated that microRNAs (miRNAs/miRs) may serve a crucial role in the regulation of autophagy ([@b8-ijo-53-04-1505]--[@b10-ijo-53-04-1505]). miRNAs are a family of small non-coding RNA, with a length of 18--22 nucleotides, that regulate gene expression by either triggering target mRNA degradation or the inhibition of mRNA translation ([@b11-ijo-53-04-1505],[@b12-ijo-53-04-1505]). Multiple miRNAs has been shown to be able to regulate autophagy at various steps. For example, during the early stages of autophagy induction, miR-885-3p can directly modulate ULK2 expression upon cisplatin exposure ([@b13-ijo-53-04-1505]). Beclin 1, a critical autophagy-promoting gene, has been shown to serve a key role in the modulation of cell survival and death in different types of cells. Zhu *et al* ([@b14-ijo-53-04-1505]) demonstrated that miR-30a regulates autophagy by inhibiting Beclin 1 expression. In addition, miR-375 directly suppressed autophagy by inhibiting the expression of ATG7 and impaired the viability of hepatocellular carcinoma cells upon hypoxic exposure ([@b15-ijo-53-04-1505]). miR-376b has been observed to inhibit starvation- and rapamycin-induced autophagy in breast cancer cells by targeting the key autophagy proteins, Beclin 1 and Atg4C ([@b16-ijo-53-04-1505]). Furthermore, miR-181A blocked starvation-and mTOR inhibition-associated autophagy by targeting the critical autophagy protein ATG5 ([@b17-ijo-53-04-1505]). miR-638 has also been reported to directly target the tumor suppressor disheveled binding antagonist of β-catenin 3 and promote autophagy, as well as malignant phenotypes in cancer cells ([@b18-ijo-53-04-1505]). In addition, some other miRNAs including miR-23a ([@b19-ijo-53-04-1505]), miR-130a ([@b20-ijo-53-04-1505]) and miR-124 ([@b21-ijo-53-04-1505]) are also involved in the regulation of autophagy.

In recent years, an increasing body of evidence has indicated that miR-92b is dysregulated in various types of cancers ([@b22-ijo-53-04-1505]). miR-92b promoted tumor migration, invasion and proliferation in osteosarcoma by targeting reversion inducing cysteine rich protein with Kazal motifs ([@b23-ijo-53-04-1505]). It has also been reported to promote epithelial-mesenchymal transition in bladder cancer by targeting disabled homolog 2-interacting protein ([@b24-ijo-53-04-1505]). These studies revealed that miR-92b may serve an oncogenic role in cancer. However, Zhao *et al* ([@b25-ijo-53-04-1505]) reported that miR-92b targets mothers against decapentaplegic homolog 3 to inhibit the migration and invasion of nasopharyngeal cancer cells. These results demonstrated that one specific miRNA may serve various roles in distinct genetic contexts. To date, the potential function of miR-92b in breast cancer is still largely unknown.

In the present study, it was reported hsa-miR-92b promote starvation- and mTOR inhibition-induced autophagy, and inhibited the viability and invasion of breast cancer cells. Mechanistic studies revealed that miR-92b directly targeted the histone methyltransferase enhancer of zeste homolog 2 (EZH2), a crucial catalyzed subunit of Polycomb repressive complex 2 (PRC2), that regulates autophagy, proliferation and invasion in cancer cells. In addition, miR-92b promoted autophagy, and inhibited the viability and invasion of breast cancer cells by targeting EZH2. The results of the present study provided a novel strategy using miR-92b to regulate the progression of breast cancer.

Materials and methods
=====================

Plasmid constructs
------------------

miR-92b mimics, anti-miR-92b (anti-92b) and negative control (NC) RNA (miR-NC) were purchased from Shanghai GenePharma Co., Ltd. (Shanghai, China). Green fluorescent protein (GFP)-light chain 3 (LC3), EZH2 short hairpin (sh)-RNA Plasmid, pCMV6 Entry-EZH2-Myc-DDK expression plasmid and control plasmid were purchased from OriGene Technologies, Inc. (Rockville, MD, USA). For the dual luciferase assay, the wild-type (wt) or mutant (mut) forms of the EZH2 3′-untranslated region (UTR) were cloned into the pGL3-promoter vector (Promega Corporation, Madison, WI, USA) using the following primers: EZH2 wt primers, 5′-GAATCTCGAGCATCTGCTAC-3′ and 5′-CCGCTCGAGACAAGTTCAA-3′; EZH2 mut primers, 5′-ATGCAGTATGGTACATTTTTC-3′ and 5′-AAAATTCACTGGTACAAAAC-3′.

Cell culture
------------

MCF-7 and MDA-MB-453 human breast carcinoma cells were cultured in Dulbecco\'s modified Eagle\'s medium (DMEM; Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) supplemented with 10% fetal bovine serum (FBS; Gibco; Thermo Fisher Scientific, Inc.) and penicillin/streptomycin (Gibco; Thermo Fisher Scientific, Inc.) in a 5% CO~2~-humidified incubator at 37°C. Starvation in Earle\'s balanced salt solution (EBSS; Biological Industries, Kibbutz Beit Haemek, Israel) at 37°C for 4 h or rapamycin treatment (2.5 *µ*M, at 37°C for 8 h; BioVision, Inc., Milpitax, CA, USA) were used to induce autophagy.

Cell transfection
-----------------

For miRNA transfection, MCF-7 and MDA-MB-453 cells were transfected with HiPerFect Transfection Reagent (Qiagen GmbH, Hilden, Germany). According to the manufacturer\'s instructions, 50 nM of miR-92b mimics, anti-92b or miR-NC were added to each well of a 6-well plate. The sequences were as follows: miR-92b mimics, 5′-UAUUGCACUCGUCCCGGCCUCC-3′ and 5′-AGGCCGGGACGAGUGCAAUAUU-3′; anti-92b, 5′-GGA GGCCGGGACGAGUGCAAUA-3′; and miR-NC, 5′-CAGUACUUUUGUGUAGUACAA-3′. For DNA transfection, 3 *µ*g plasmid DNA (GFP-LC3, EZH2 shRNA Plasmid, pCMV6 Entry-EZH2-Myc-DDK expression plasmid and control plasmid) was transfected with the FuGENE-HD transfection reagent (Promega Corporation) in each well of a 6-well plate. All subsequent cell experiments were performed at 24 h post-transfection.

GFP-LC3 analyses
----------------

For GFP-LC3 analysis, 48 h following GFP-LC3 and miRNA co-transfection, 2×10^6^ cells were starved for 4 h in EBSS medium or treated with rapamycin (2.5 *µ*M) for 8 h, fixed for 20 min in 4% formaldehyde at 37°C, washed with PBS and then observed using a BX3-CBH fluorescence microscope (Olympus Corporation, Tokyo, Japan). Cells containing \>10 GFP-LC3 green fluorescing dots were classed as positive. At least 150 GFP positive cells per condition were counted and the graphs were plotted as a percentage of GFP-LC3 positive cells over the total number of transfected cells.

Target gene prediction for miRNA
--------------------------------

miRNA targets were identified using the bioinformatics software miRanda ([www.microrna.org/microrna/home.do](http://www.microrna.org/microrna/home.do)) and TargetScan Human version 7.1 ([www.targetscan.org/vert_71/](http://www.targetscan.org/vert_71/)).

Western blot analysis
---------------------

Total cellular proteins were harvested from cancer cell lines. Cancer cells were transfected with 50 nM miR-92b, anti-92b, shEZH2 or miR-NC. Cell lysates were washed in ice-cold PBS and lysed in the radioimmunoprecipitation assay buffer (0.1% SDS, 1% Triton, 0.5% deoxycholate, 0.5% NP40, 50 mM Tris-HCl pH 7.5, 150 mM NaCl, 50 mg/ml phenylmethylsulfonyl fluoride, 1 mg/ml leupeptin, 1 mg/ml aprotinin, 1 mg/ml pepstatin, 50 mg/ml Na~3~VO~4~ and 50 mg/ml NaF) with the complete mini protease inhibitor cocktail and PhosSTOP phosphatase inhibitor cocktail (Roche Applied Science, Penzberg, Germany). The protein concentration of cell lysates was determined by using the Pierce BCA Protein Assay kit (Thermo Fisher Scientific, Inc.) according to the manufacturer\'s instructions; 5% bovine serum albumin (BSA; Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) was used as a standard. Equal amounts (30 *µ*g) of cell lysates were separated by 10% SDS-PAGE and transferred onto a polyvinylidene difluoride membrane (Bio-Rad Laboratories, Inc., Hercules, CA, USA). The membranes were blocked with TBS-T (50 mM Tris-HCI, pH 8.0, 100 mM NaCl and 0.1% Tween-20) containing 5% non-fat dried milk or 5% BSA (Sigma-Aldrich; Merck KGaA) for 1 h at room temperature, and then probed with the following primary antibodies overnight at 4°C: Rabbit-anti-human EZH2 antibodies (dilution, 1:1,000; cat. no. ab186006; Abcam, Cambridge, UK), rabbit-anti-human LC3B antibodies (dilution, 1:1,000; cat. no. ab192890; Abcam), rabbit-anti-human sequestosome 1 (SQSTM1)/p62 antibodies (dilution, 1:1,000; cat. no. GTX111393, GeneTex, Inc., Irvine, CA, USA) and rabbit-anti-human β-actin (dilution, 1:1,000; cat. no. 20536-1-AP; Wuhan Sanying Biotechnology, Wuhan, China). Following washing with TBS-Tween-20 for 15 min, the membranes were incubated with horseradish peroxidase-conjugated secondary anti-rabbit antibodies (dilution, 1:1,000; cat. no. 7074s; Cell Signaling Technology, Inc., Danvers, MA, USA) for 1 h at room temperature. Finally, the immunoreactive bands were developed with Pierce Electro-Chemiluminescence Western blotting substrate (Thermo Fisher Scientific, Inc.) on Blue Basic autoradiography film (BioExpress Corporation, Kaysville, UT, USA). ImageJ software (National Institutes of Health, Bethesda, MD, USA) was employed to quantify protein levels.

Reverse transcription-quantitative polymerase chain reaction (RT-qPCR)
----------------------------------------------------------------------

Extraction of total RNA, including miRNAs, from all culture cells was performed using the TRIzol reagent (Invitrogen; Thermo Fisher Scientific, Inc.) according to the manufacturer\'s instructions. Total RNA was then reverse transcribed into cDNA using the RevertAid First Strand cDNA Synthesis kit (Promega Corporation) with the following temperature protocol: 25°C for 5 min, 42°C for 60 min and 70°C for 15 min. Human miRNAs were detected with their specific primers (Guangzhou RiboBio, Co., Ltd., Guangzhou, China). qPCR was performed using the SYBR Green Real-Time PCR Master Mix (Promega Corporation). The following primers were used for qPCR: hsa-miR-92b-3p forward, 5′-TATTGCACTCGTCCCGGCCTCC-3′ and reverse, 5′-CAGTGCGTGTCGTGGAGT-3′; U6 forward, 5′-CTCGCTTCGGCAGCACA-3′ and reverse, 5′-AACGCTTCACGAATTTGCGT-3′; EZH2 forward, 5′-CGCTTTTCTGTAGGCGATGT-3′ and reverse, 5′-TGGGTGTTGCATGAAAAGAA-3′; GAPDH forward, 5′-CGCTGAGTACGTCGTGGAGTC-3′ and reverse, 5′-GCTGATGATCTTGAGGCTGTTGTC-3′. The 2^−∆∆Cq^ method ([@b26-ijo-53-04-1505]) was used to evaluate the relative expression levels of the indicated genes.

Dual luciferase-reporter assay
------------------------------

pGL3-promoter vectors containing luc-EZH2-wt or luc-EZH2-mut were cotrans-fected using FuGENE-HD transfection reagent (Promega Corporation) in 6-well plates with miR-92b and *Renilla* luciferase into COS7 cells (The Cell Bank of Type Culture Collection of Chinese Academy of Sciences, Shanghai, China). Firefly and *Renilla* luciferase activities were measured 48 h following transfection using the dual-luciferase reporter assay system (Promega Corporation). The results of firefly luciferase activity were normalized to *Renilla* luciferase activity.

Transwell invasion and migration assays
---------------------------------------

Cell migration and invasion were investigated by Transwell assays. MCF7 and MDA-MB-453 cells were prepared following transfection with miR-NC, miR-92b or anti-92b for 24 h, respectively, and the MCF7 cells were also prepared following transfection with vector, shEZH2, miR-NC, miR-92b, or co-transfection with miR-92b and EZH2 vector. Cells (1×10^5^) were suspended in 200 *µ*l DMEM without FBS, were seeded in the upper chambers (Corning Incorporated, Corning, NY, USA). A total of 600 *µ*l DMEM with 10% FBS was added to the lower chambers. The chambers were then cultured at 37°C with 5% CO~2~ for 24 h. For invasion assays, Transwell chambers coated with Matrigel (BD Biosciences, Franklin Lakes, NJ, USA) were used. Cells on the upper chamber were then carefully removed, while the cells on the lower chamber were stained with crystal violet at 37°C for 10 min. Cells were subsequently counted using a light microscope (magnification, ×200) and five random fields of view were selected to calculate cell numbers.

Cell viability analyses
-----------------------

Cells were transfected with miRNAs (50 nM miR-92b mimics, anti-92b or miR-NC), and following 24 h post-transfection, cells were seeded into a 96-well plate (3×10^3^/well). Cell viability was measured using a Cell Counting Kit-8 (CCK8; Promega Corporation) at 24, 48 or 72 h following cell seeding. The viability of cancer cells was assessed by measuring the absorbance at 450 nm to obtain the optical density values.

Colony formation assay
----------------------

A total of 3,000 cells were seeded per well in a 6-well cell culture plate, which were then transfected with 50 nM miR-92b mimics, anti-92b or miR-NC, respectively, using HiPerFect Transfection Reagent. MDA-MB-453 cells were seeded in fresh 6-well plates and maintained in DMEM containing 10% FBS for 10 days. MCF7 cells were seeded on 6-well plates with 10% FBS + DMEM for 2 weeks. Colonies were fixed with methanol at room temperature for 15 min and stained with crystal violet dye (0.1% w/v) for 15 min at room temperature.

Patients and tissue specimens
-----------------------------

A total of 30 breast cancer tissues were collected from patients that underwent surgery between January 2015 and October 2016 at The Fourth Clinical Hospital of Hebei Medical University (Hebei, China). All of these patients were female, with a median age of 48 years, and did not receive preoperative adjuvant chemotherapy and radiotherapy. All tissues were placed in liquid nitrogen and stored at −80°C following resection. The breast cancer tissues were then used to evaluate the expression of miR-92b and EZH2 via RT-qPCR, as aforementioned. The present study was approved by the Institutional Review Boards of The Fourth Clinical Hospital of Hebei Medical University and written informed consent was obtained from all patients.

Statistical analysis
--------------------

A two-tailed Student\'s t-test was used to determine the differences between 2 groups. The associations among two or more variables was analyzed by one-way analysis of variance with Bonferroni\'s post hoc test. The correlation between miR-92b and EZH2 mRNA expression was examined by Spearman\'s correlation. P\<0.05 was considered to indicate a statistically significant difference. All analyses were performed with SPSS software (version 16.0; SPSS, Inc., Chicago, IL, USA) or GraphPad Prism (version 5; GraphPad Software, Inc., La Jolla, CA, USA).

Results
=======

miR-92b promotes starvation- or rapamycin-induced autophagy in MCF-7 cells
--------------------------------------------------------------------------

In order to detect whether miR-92b levels were enhanced following stress-inducing stimuli, the present study performed an RT-qPCR analysis. The results indicated that the miR-92b levels increased in MCF-7 cells that were starved for 4 h ([Fig. 1A](#f1-ijo-53-04-1505){ref-type="fig"}). In agreement with the starvation-associated results, treatment with rapamycin also elevated miR-92b expression in MCF-7 cells ([Fig. 1B](#f1-ijo-53-04-1505){ref-type="fig"}).

Further study revealed that miR-92b enhanced autophagy following starvation in MCF-7 cells ([Fig. 1C--H](#f1-ijo-53-04-1505){ref-type="fig"}). As shown in [Fig. 1C](#f1-ijo-53-04-1505){ref-type="fig"}, overexpression of miR-92b increased the transformation of free LC3-I to the autophagy membrane associated LC3-II, which was induced by starvation. In addition, miR-92b was markedly associated with starvation-induced SQSTM1 degradation ([Fig. 1C](#f1-ijo-53-04-1505){ref-type="fig"}). Overexpression of miR-92b also increased the accumulation of starvation-induced GFP-LC3 dots ([Fig. 1E and G](#f1-ijo-53-04-1505){ref-type="fig"}). These results indicated that miR-92b may serve a role in regulating starvation-induced autophagy.

Similarly, the present study evaluated whether miR-92b overexpression also affects autophagy induced by mTOR-inhibitor rapamycin. Consistent with the results of starvation, rapamycin induced LC3 lipidation ([Fig. 1D](#f1-ijo-53-04-1505){ref-type="fig"}), SQSTM1 degradation ([Fig. 1D](#f1-ijo-53-04-1505){ref-type="fig"}) and GFP-LC3 dot formation ([Fig. 1F and H](#f1-ijo-53-04-1505){ref-type="fig"}). Therefore, in addition to its effect on autophagy induced by starvation, miR-92b also promoted the autophagic activity induced by rapamycin in MCF-7 cells.

miR-92b promotes starvation- or rapamycin-induced autophagy in MDA-MB-453 cells
-------------------------------------------------------------------------------

In order to confirm the effect of miR-92b on autophagy in breast cancer cells, the present study selected MDA-MB-453 cells, which have the same low expression of miR-92b as MCF7 cells. Starvation and treatment with the mTOR-inhibitor rapamycin increased endogenous miR-92b expression ([Fig. 2A and B](#f2-ijo-53-04-1505){ref-type="fig"}). Similarly, the overexpression of miR-92b markedly increased the lipidation of LC3 and SQSTM1 degradation ([Fig. 2C and D](#f2-ijo-53-04-1505){ref-type="fig"}) in MDA-MB-453 cells. It was further observed that autophago-some accumulation was enhanced in MDA-MB-453 cells overexpressing miR-92b ([Fig. 2E--H](#f2-ijo-53-04-1505){ref-type="fig"}).

miR-92b inhibits the invasion and migration ability of breast cancer cells
--------------------------------------------------------------------------

In order to examine the effect of miR-92b on the malignant biological processes in breast cancer cells, the present study firstly examined the role of miR-92b in the migration of MCF7 and MDA-MB-453 cells. Transwell migration assays indicated that the number of migrating cells was reduced in miR-92b mimics-transfected MCF7 and MDA-MB-453 cells when compared with the control group ([Fig. 3A and B](#f3-ijo-53-04-1505){ref-type="fig"}). In addition, the suppression of endogenous miR-92b with its inhibitor enhanced cell motility when compared with control cells ([Fig. 3A and B](#f3-ijo-53-04-1505){ref-type="fig"}).

Furthermore, the Matrigel invasion assay system was used to examine the effect of miR-92b on MCF7 and MDA-MB-453 cell invasion ability. Overexpression of miR-92b decreased the invasion ability of MCF7 and MDA-MB-453 cells ([Fig. 3A and B](#f3-ijo-53-04-1505){ref-type="fig"}). Consistently, transfection with the miR-92b inhibitor resulted in the enhanced invasion ability of these cells ([Fig. 3A and B](#f3-ijo-53-04-1505){ref-type="fig"}). Therefore, these results demonstrated that miR-92b can affect the migration and invasion ability of breast cancer cells.

miR-92b inhibits the viability of breast cancer cells
-----------------------------------------------------

In order to examine the effects of miR-92b on breast cancer cell viability, the present study performed CCK8 assays and colony formation assays. When compared with the control groups, the transfection-induced overexpression of miR-92b in breast cancer cells suppressed the viability of breast cancer cells over time ([Fig. 4A and B](#f4-ijo-53-04-1505){ref-type="fig"}). By contrast, suppressing endogenous miR-92b with its inhibitor promoted the viability of breast cancer cells ([Fig. 4A and B](#f4-ijo-53-04-1505){ref-type="fig"}).

In line with the cell viability assays, the colony formation assays also demonstrated that the MCF7 and MDA-MB-453 cells transfected with miR-92b exhibited decreased colony formation abilities in comparison with those of the control groups ([Fig. 4C and D](#f4-ijo-53-04-1505){ref-type="fig"}). In addition, suppressing endogenous miR-92b with its inhibitor enhanced colony formation ([Fig. 4C and D](#f4-ijo-53-04-1505){ref-type="fig"}).

EZH2 is a direct target of miR-92b
----------------------------------

TargetScan analysis revealed that there was a miR-92b binding site in the 3′-UTR region of EZH2 ([Fig. 5A](#f5-ijo-53-04-1505){ref-type="fig"}). In order to eliminate the individual differences caused by transfection efficiency issues, the present study chose to use cos7 cells for the Luciferase reporter assay due to their high transfection efficiency. The luciferase reporter assay demonstrated that luciferase activity was inhibited by co-transfection the wild-type 3′-UTR of EZH2 and miR-92b mimic, and the deletion of the miR-92b target site inhibited this decrease in luciferase activity ([Fig. 5B](#f5-ijo-53-04-1505){ref-type="fig"}).

Then, the expression of miR-92b and EZH2 mRNA in 30 pairs of breast cancer tissues was analyzed by RT-qPCR. Similarly, a negative correlation was observed between miR-92b expression and EZH2 mRNA expression in breast cancer specimens (P\<0.001; [Fig. 5C](#f5-ijo-53-04-1505){ref-type="fig"}).

In addition, the present study also examined EZH2 protein expression levels in MCF7 cells transfected with miR-92b mimics, miR-92b inhibitor or miR-NC ([Fig. 5D and E](#f5-ijo-53-04-1505){ref-type="fig"}). The EZH2 protein levels were reduced in MCF7 cells with miR-92b overexpression ([Fig. 5D](#f5-ijo-53-04-1505){ref-type="fig"}). In line with this, EZH2 protein expression was upregulated in miR-92b inhibitor transfected MCF7 cells ([Fig. 5E](#f5-ijo-53-04-1505){ref-type="fig"}).

Effects of EZH2 silencing on autophagy, viability and invasion
--------------------------------------------------------------

To evaluate the effects of EZH2 on autophagy, the present study transfected MCF7 cells with EZH2 shRNA or Empty vector and analyzed the levels of autophagy induced by starvation or rapamycin treatment. As shown in [Fig. 6](#f6-ijo-53-04-1505){ref-type="fig"}, EZH2 silencing enhanced the autophagy of MCF-7 cells. EZH2 shRNAs enhanced the lipidation of LC3 and SQSTM1 degradation ([Fig. 6A and B](#f6-ijo-53-04-1505){ref-type="fig"}) induced by starvation or rapamycin. Similarly, EZH2 silencing also enhanced starvation- or rapamycin-induced GFP-LC3 dot accumulation ([Fig. 6C--F](#f6-ijo-53-04-1505){ref-type="fig"}).

The present study then examined the effects of EZH2 knockdown on breast cancer cell growth and invasion. shEZH2 plasmid and the control empty plasmid were transfected into MCF-7 cells. According to the results presented in [Fig. 6G](#f6-ijo-53-04-1505){ref-type="fig"}, cell viability was inhibited following shEZH2 plasmid transfection. In addition, the invasion ability of MCF7 cells was also inhibited in the shEZH2 plasmid transfected group when compared with the vector control group ([Fig. 6H](#f6-ijo-53-04-1505){ref-type="fig"}).

EZH2 is involved in miR-92b regulated cell autophagy, viability, migration and invasion
---------------------------------------------------------------------------------------

To further verify the functional connection between miR-92b and EZH2, MCF7 cells were cotransfected with miR-92b mimic and EZH2 expression vector or control ([Fig. 7A](#f7-ijo-53-04-1505){ref-type="fig"}). Overexpression of EZH2 was demonstrated to reverse the inhibitory effects of miR-92b on cell autophagy, viability, migration and invasion in MCF7 cells ([Fig. 7B--D](#f7-ijo-53-04-1505){ref-type="fig"}). These results indicated that miR-92b may inhibit cell autophagy, viability and invasion by regulating EZH2 expression.

Discussion
==========

In the present study, it was revealed that endogenous miR-92b expression levels are elevated in response to different autophagy inducing stimuli. Notably, miR-92b overexpression enhanced GFP-LC3 dot formation, the lipidation of LC3 and SQSTM1 degradation. These results were observed following starvation and rapamycin treatment in MCF7 and MDA-MB-453 cells. Additionally, it was detected that overexpression of miR-92b in MCF7 and MDA-MB-453 cells decreased tumor cell viability, migration and invasion. The present study also identified a novel miR-92b target, EZH2, and demonstrated that shRNA-mediated knockdown of EZH2 phenocopied the effect of miR-92b, suggesting that miR-92b may exert its pro-autophagic function via EZH2. Taken together, these results indicated that miR-92b may negatively regulate the expression of EZH2, promoting autophagy, and decreasing tumor cell viability, migration and invasion.

miR-92b is involved in the progression of the central neural system development and the development of several tumors ([@b27-ijo-53-04-1505],[@b28-ijo-53-04-1505]). Previous reports on glioblastoma and non-small cell lung cancer have suggested that miR-92b promoted neoplastic cell growth and metastasis ([@b29-ijo-53-04-1505],[@b30-ijo-53-04-1505]). However, in esophageal squamous cell carcinoma, miR-92b did not stimulate apoptosis or inhibit proliferation, though it did impair the motility of cancer cells ([@b31-ijo-53-04-1505],[@b32-ijo-53-04-1505]). In accordance with Ma *et al* ([@b31-ijo-53-04-1505],[@b32-ijo-53-04-1505]), the present study observed that there was significantly reduced miR-92b levels in human breast cancer tissues in comparison with normal tissue specimens, and overexpression of miR-92b in breast cancer cells decreased tumor cell proliferation, invasion and migration. These results supported the notion that one specific miRNA may exert a variety of effects in different genetic contexts ([@b33-ijo-53-04-1505]). The mechanism for miR-92b underlying a tumors potential is rather complex, as it is mediated by a varied range of targets that are potentially variable depending on the type of cancer and the environmental stimuli. The results of the present study provide further support for the functional relevance of miR-92b in breast cancer via the identification of the methyltransferase EZH2 as its novel target during starvation- and rapamycin-induced autophagy.

EZH2 is the core catalytic subunit of the PRC2 complex. PRC2 methylates the lysine residue at position 27 of histone 3 (H3K27) ([@b34-ijo-53-04-1505],[@b35-ijo-53-04-1505]), which results in chromatin compaction and epigenetic silencing of genes. EZH2 overexpression has been reported in different types of malignancies, and was associated with malignant tumor growth, metastasis and poor prognosis in a variety of human malignancies ([@b36-ijo-53-04-1505]--[@b39-ijo-53-04-1505]). Recently, it has been reported that EZH2 may serve an important role in autophagy ([@b40-ijo-53-04-1505]). Notably, the present study demonstrated the post-transcriptional modification of EZH2 by miR-92b and its involvement in autophagy. It has been indicated that EZH2-mediated gene promoter methylation can promote the malignant phenotype of different cancer cells, due to the loss of tumor suppressor gene functions, which results in the transformation of stem cells into cancer cells ([@b41-ijo-53-04-1505]--[@b43-ijo-53-04-1505]); this may partly explain the reduced malignant properties induced by miR-92b.

In conclusion, the present study confirmed that miR-92b may be a crucial regulator of starvation- and rapamycin-induced autophagy by targeting the methyltransferase EZH2. This post-transcriptional regulation had a significant effect on inhibiting the oncogenic phenotypes of tumor cells. In view of these results revealing enhanced miR-92b expression and attenuated EZH2 expression in human breast cancer cells, it was hypothesized that the autophagy-associated miR-92b-EZH2 axis may be an appealing target for therapeutic interventions in breast cancer.
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![Overexpression of miR-92b increases autophagic activity in MCF-7 cells. (A and B) Reverse transcription-quantitative polymerase chain reaction analysis of miR-92b expression in MCF-7 cells treated with (A) STV (4 h) or (B) RAP (2.5 *µ*M, 8 h). miR-92b expression levels were significantly increased following STV or RAP treatment. ^\*\*^P\<0.01 vs. MCF 7 cells. (C and D) Immunoblotting results indicated that miR-92b increased (C) STV and (D) RAP induced conversion of LC3-I to LC3-II and SQSTM1 degradation in MCF-7 cells. (E and F) miR-92b promoted STV and RAP induced GFP-LC3 dot formation in MCF-7 cells. Detection of cytoplasmic puncta formation by soluble GFP-fused LC3 protein is a commonly used method to follow autophagy activation using microscopy (magnification, ×40). (G and H) Quantitative analysis of the experiments in (E and F). ^\*\*^P\<0.01, as indicated. STV, starvation; RAP, rapamycin; miR, microRNA; LC3, light chain 3; GFP, green fluorescent protein; SQSTM1, sequestosome 1; NC, negative control.](IJO-53-04-1505-g00){#f1-ijo-53-04-1505}

![Overexpression of miR-92b results in increased autophagic flux in MDA-MB-453 cells. (A) STV (4 h) and (B) RAP (2.5 *µ*M, 8 h) induced miR-92b expression in MDA-MB-453 cells. miR-92b expression was detected by reverse transcription-quantitative polymerase chain reaction. ^\*\*^P\<0.01 vs. 453 cells. (C and D) Immunoblotting results indicated that miR-92b increased (C) STV and (D) RAP induced conversion of LC3-I to LC3-II and SQSTM1 degradation in MDA-MB-453 cells. (E and F) miR-92b promoted (E) STV and (F) RAP induced GFP-LC3 dot formation in MDA-MB-453 cells (magnification, ×40). (G and H) Quantitative analysis of the experiments in (E and F). ^\*\*^P\<0.01, as indicated. STV, starvation; RAP, rapamycin; miR, microRNA; LC3, light chain 3; GFP, green fluorescent protein; SQSTM1, sequestosome 1; NC, negative control; 453, MDA-MB-453 cells.](IJO-53-04-1505-g01){#f2-ijo-53-04-1505}

![Effects of miR-92b on breast cancer cell migration and invasion. (A) miR-92b suppressed the migration and invasion of MCF-7 cells. However, silencing miR-92b expression promoted migration and invasion. (B) miR-92b promotes the migration and invasion ability of MDA-MB-453 cells. Scale bar = 100 *µ*m; magnification, ×200). ^\*^P\<0.05, ^\*\*^P\<0.01 and ^\*\*\*^P\<0.001, as indicated. miR, microRNA; NC, negative control.](IJO-53-04-1505-g02){#f3-ijo-53-04-1505}

![miR-92b inhibits cancer cell proliferation. (A and B) Overexpression of miR-92b inhibited cancer cells growth. However, silencing miR-92b expression promoted cell proliferation in (A) MDA-MB-453 and (B) MCF-7 cells. The cell viability was measured from 0 to 72 h by Cell Counting Kit-8 assay. (C and D) Colony formation assays transfecting MCF-7 and MDA-MB-453 cells with miR-92b mimics or inhibitor. ^\*\*^P\<0.01 and ^\*\*\*^P\<0.001, as indicated. miR, microRNA; NC, negative control.](IJO-53-04-1505-g03){#f4-ijo-53-04-1505}

![Prediction and validation of EZH2 as a direct target of miR-92b. (A) Schematic of the predicted binding site of miR-92b in EZH2 3′-UTR. A mutant EZH2 3′-UTR construct was tested in parallel. (B) The wild-type or mutant forms of EZH2 3′-UTR were co-transfected into COS7 cells with miR-92b mimic or NC RNA. Luciferase activity was measured at 48 h post-transfection. The results were normalized against *Renilla* luciferase values. ^\*\*^P\<0.01, as indicated. (C) Negative correlation between miR-92b and EZH2 mRNA levels in breast specimens. (D) EZH2 protein expression was reduced in MCF7 cells with miR-92b overexpression in MCF7 cells. (E) EZH2 protein expression was reduced in miR-92b mimics transfected MCF7 cells. EZH2, enhancer of zeste homolog 2; miR, microRNA; STV, starvation; NC, negative control; UTR, untranslated region; WT, wild-type; MUT, mutant.](IJO-53-04-1505-g04){#f5-ijo-53-04-1505}

![Silencing EZH2 expression with EZH2 shRNA promotes autophagy, and suppresses proliferation and invasion in MCF-7 cells. (A and B) Immunoblotting results indicated that shEZH2 increased (A) STV and (B) RAP induced conversion of LC3-I to LC3-II and SQSTM1 degradation. (C and D) shEZH2 promoted STV and RAP induced GFP-LC3 dot formation in MCF-7 cells (magnification, ×40). (E and F) Quantitative analyses of the experiments in panels (C and D). (G and H) shEZH2 inhibited the proliferation and invasion abilities of MCF-7 cells. Scale bars = 100 *µ*m; magnification, ×200. ^\*\*^P\<0.01, as indicated. EZH2, enhancer of zeste homolog 2; STV, starvation; RAP, rapamycin; miR, microRNA; shRNA, short hairpin RNA; LC3, light chain 3; GFP, green fluorescent protein; SQSTM1, sequestosome 1; NC, negative control.](IJO-53-04-1505-g05){#f6-ijo-53-04-1505}

![EZH2 is involved in miR-92b regulated cell autophagy, proliferation and invasion. (A) Reverse transcription-quantitative polymerase chain reaction revealed the relative mRNA expression of EZH2 in MCF7 cells transfected with the pCMV6 Entry-EZH2-Myc-DDK expression plasmid or the control plasmid. (B) Western blot analyses of LC3 expression in MCF-7 cells transfected with miR-NC plus vector, miR-92b plus EZH2, miR-92b plus vector or anti-miR-92b (anti-92b) plus vector. Autophagy-associated LC3-I to LC3-II conversion (LC3 lipidation) was attenuated in anti-miR-92b plus vector overexpressing cell extracts, when compared with miR-NC plus vector as the control group. (C) Cell Counting Kit-8 analysis of MCF7 cells transfected with miR-NC plus vector, miR-92b plus EZH2 and miR-92b plus vector at the indicated times. (D) Transwell analysis of MCF-7 cells treated with miR-NC plus vector, miR-92b plus EZH2 and miR-92b plus vector, and the quantitative analysis is shown in the right-hand panel. Scale bar = 100 *µ*m; magnification, ×200. ^\*\*^P\<0.01 and ^\*\*\*^P\<0.001, as indicated. EZH2, enhancer of zeste homolog 2; miR, microRNA; LC3, light chain 3; NC, negative control; ns, not significant.](IJO-53-04-1505-g06){#f7-ijo-53-04-1505}
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